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A new scheme for enantiomer differentiation of chiral molecules using a pair of linearly polarized
intense ultrashort laser pulses with skewed mutual polarization is presented. The technique relies
on the fact that the off-diagonal anisotropic contributions to the electric polarizability tensor for
two enantiomers have different signs. Exploiting this property, we are able to excite a coherent
unidirectional rotation of two enantiomers with a pi phase difference in the molecular electric dipole
moment. The approach is robust and suitable for relatively high temperatures of molecular samples,
making it applicable for selective chiral analysis of mixtures, and to chiral molecules with low
barriers between enantiomers. As an illustration, we present nanosecond laser-driven dynamics of
a tetratomic non-rigid chiral molecule with short-lived chirality. The ultrafast time scale of the
proposed technique is well suited to study parity violation in molecular systems in short-lived chiral
states.
Among the most important and challenging tasks
of chemical research is the detection and measure-
ment of the enantiomeric excess and handiness of chi-
ral molecules [1–10], as well as chiral purification and
discrimination of their racemic mixture [11–15]. Molec-
ular chirality is crucial to much of chemistry and also
plays an important role in fundamental physics represent-
ing systems with broken (mixed) parity states [16, 17].
A considerable amount of effort is currently being de-
voted to observing parity violation in chiral molecules
and any experimental detection would be a significant
breakthrough.
A number of ground breaking experiments for investi-
gating chiral molecules in the gas phase have recently
been developed. These include photoelectron circular
dichroism using intense laser pulses or synchrotron radia-
tion [1, 6, 9], and an approach based on laser ionization-
induced Coulomb explosion imaging [8, 18]. The most
relevant for the present work, however, is the microwave
three-wave mixing experiment [7, 10, 19]. Here, the res-
onant microwave fields are used to couple three selected
rotational energy levels of a chiral molecule that are con-
nected by transitions via three different dipole projec-
tions. Due to the opposite sign of one of the dipole mo-
ment projections between two enantiomers, they evolve
with intrinsically different total phases and this can be
seen in the phase of the emitted radiation. By measuring
the absolute amplitude of the emitted signal, the enan-
tiomeric excess and absolute configuration can be quan-
tified [20].
The major advantages of the gas phase resonant three-
wave mixing technique are (i) its high sensitivity to even
a tiny enantiomeric excess and (ii) applicability to the
analysis of mixtures of different conformers and stereoiso-
mers [19]. The disadvantage is that the method can only
be used on molecules characterized by three non-zero pro-
jections of the the permanent electric dipole (in the prin-
cipal axis system). Even small dipole moment projections
will cause slow Rabi oscillations of populations between
two states of a three-level system which would demand
long, impractical measurements. As a result, short-lived
chirality in low-barrier axially chiral molecules such as
H2O2 and H2S2 is extremely difficult to detect.
In this work, we propose a novel scheme to cir-
cumvent this problem by involving the non-zero off-
diagonal anisotropic polarizabilities of the enantiomers.
We demonstrate that a pair of intense ultrashort laser
pulses with skewed mutual polarization can be used to
induce the enantiomer-specific phase shift in the emit-
ted microwave signals, required for the differentiation
of enantiomers. As shown in [21, 22], two laser pulses
can produce a unidirectional coherent molecular rotation,
which is demonstrated here for two enantiomers. This
generates a phase shift in the time evolution of their
permanent electric dipole moment due to the opposite
signs of the corresponding off-diagonal anisotropic polar-
izabilities. The method requires at least one non-zero
projection of the permanent electric dipole moment and
anisotropic electric polarizability. We also show that by
adjusting the time delay between the two pulses, the am-
plitude of the dipole oscillations can either be increased
or decreased. Such an effect can be exploited in the chiral
analysis of mixtures of different molecular species. Since
the excitation wavelengths of the present scheme are not
tuned to the specific transitions of the system, it is more
robust with respect to increasing temperature. The char-
acteristic time of the scheme is on the picosecond scale,
which is also favourable for measurements of short-lived
chirality.
Let us first consider two linearly polarized non-
resonant laser fields sequentially applied to a chiral
molecule satisfying the conditions above. The beam
propagates in the direction of the Z axis, the polarization
vector of the first pulse is set along the X axis, and the
second pulse, applied with a time delay of τ ps, is linearly
polarized with the angle γ to the first pulse. The inter-
action potential of an enantiomer with the electric fields
in the absence of electronic resonances can be described
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k are the spherical tensor components of the
molecular electric polarizability in the molecule fixed
frame, D
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a duration (FWHM) T , and ω is the carrier frequency.
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As one can see, the interaction potentials V (t) of two
enantiomers differ by signs of the two off-diagonal Carte-
sian polarizability elements in the molecule fixed frame.
This implies that an electric field will create excitations
with a nonuniform distribution of projections k, of total
angular momentum onto a molecule fixed axis z, such
that the populations of −k of one enantiomer will be
equal to the populations of +k of another enantiomer,
and vice versa. The ‘counter’ distribution of projections
k in the wave packets of two enantiomers will thus pro-
duce completely antiphase time-evolution modulations of
the expectation value of the laboratory fixed dipole mo-
ment operator.
In the absence of an electric field, the isotropy of a
molecular system is represented by a uniform distribu-
tion of projections m, of total angular momentum onto
a laboratory fixed axis Z. The matrix elements of V (t)
in the field-free basis are non-vanishing for ∆m = 0,±2
only (electric polarizability selection rules) and the rota-
tional transition probabilities for ∆m = ±2 are the same
to each other. The first ultrashort pulse induces a molec-
ular alignment by creating a packet with a non-uniform
distribution of excitations characterized by different pro-
jections |m| but the same populations of states with −m
and +m. Due to the axial symmetry of excitation, matrix
elements of the laboratory fixed dipole moment operator
will vanish. In order to allow the dipole transitions we
need to break the axial symmetry. This is done by ap-
plying the second pulse, which is linearly polarized at the
angle γ to the first one. As seen from the second row of
Eq. (1) for V (t), the maximal asymmetry with respect
to ∆m = ±2 transition probabilities can be achieved for
the angle γ = ±45◦, and the axial symmetry is fully pre-
served for γ = 0 or ±90◦. The second pulse thus creates
FIG. 1. One-dimensional cut through the PES of HSOH cal-
culated along the torsional coordinate τHSOH together with
the definition of the abc molecule fixed axes system for two
enantiomeric molecular configurations.
a non-uniform distribution of excitations with +m and
−m, which can lead to a non-zero expectation value of
the dipole moment operator. In turn, the dipole oscil-
lations from two enantiomers produce microwave signals
with pi phase difference and the total amplitudes, in the
case of excess of one enantiomer over the another, can be
amplified and detected [7].
We now turn to numerical simulations and consider the
closed-shell asymmetric-top molecule HSOH as a work-
ing example. HSOH has six vibrational degrees of free-
dom with one large amplitude torsional motion of the
H atoms about the S–O bond described by the coordi-
nate τHSOH. A calculated ab initio one-dimensional cut
of the ground electronic state potential energy surface
(PES) [23] along τHSOH is shown in Fig. 1. The PES has
two minima, corresponding to the two axial enantiomeric
forms, separated by two barriers of 1520.9 cm−1 and
2163.3 cm−1 [23, 24]. The calculated tunnelling splitting
of the lowest torsional states is ∆E˜ = 0.00215 cm−1 [23],
which is in perfect agreement with the experimental value
of 0.00214 cm−1 [25], and predicts the lifetimes of enan-
tiomers of about 8 ns. Hence, the molecule can ‘live’ in
one of the enantiomeric configurations when localized in
one of the minima of the double well potential (Fig. 1)
for a long enough time to measure chirality.
The electric dipole moment and polarizability of HSOH
were calculated ab initio as functions of the τHSOH co-
ordinate with the other five semi-rigid internal coordi-
nates fixed at their equilibrium values. The computed
values of the equilibrium dipole moment (in Debye) are
µa = 0.053, µb = 0.744, and µc = 1.399, with the
µc component having opposite sign for the two enan-
tiomers. One of the dipole projections (µa) has small ab-
3solute value, which makes it difficult for the microwave
three-wave mixing experiment to do measurements on
a time scale faster than the tunnelling. The computed
values of equilibrium polarizability (in atomic units) are
αaa = 31.85, αbb = 26.20, αcc = 26.51, αab = −0.94,
αac = −0.84, and αbc = 0.07, where the off-diagonal ele-
ments αac and αbc change sign between two enantiomers.
Using a six-dimensional ab initio PES [23], we first
performed full-dimensional variational calculations of the
field-free time independent ro-vibrational energies and
wave functions for the rotational quantum number J = 0
to J = 30. In order to use these wave functions as basis
functions for the time dependent solution, all correspond-
ing ro-vibrational matrix elements of V (t) in Eq. (1)
and the laboratory fixed electric dipole moment operator
µZ were computed. This was done using the program
TROVE [26–28]. The time-dependent wave function ex-
posed by the external field potential V (t) was expressed
as a linear combination of the field-free states with the
time-dependent coefficients obtained from numerical so-
lution of the time-dependent Schro¨dinger equation using
the split operator technique. The initial wave packets for
the two enantiomeric states ψL and ψR were modelled
as a superposition ψL/R = 1/
√
2(φA1 ± φA2) of the two
lowest symmetric φA1 and antisymmetric φA2 torsional
eigenstates in the ground rotational state. We used the
laser field E(t) characterized by the carrier wavelength
of 800 nm, a Gaussian time profile with FWHM of 0.4 ps
and the peak intensity of 1× 108 V/cm.
The results of the numerical simulations showing the
time evolution of the dipole moment expectation value
〈µZ〉 are presented in Fig. 2. As expected, the phases
of the dipole oscillations for two enantiomers are shifted
by exactly pi radians. Such antiphase behaviour will can-
cel the macroscopic dipole moment of a racemic mix-
ture of two enantiomers, while an excess of one of them
will be indicated by non-zero amplitude dipole oscilla-
tions. The corresponding emitted microwave field can
then be measured by phase sensitive microwave spec-
troscopy [7, 10]. From the periodicity of the dipole oscil-
lations in Fig. 2, two major frequencies can be deter-
mined, around 0.99 cm−1 ≈ Ba + Bb and 0.04 cm−1
≈ Bb−Ba, where Ba = 0.477 cm−1 and Bb = 0.514 cm−1
are rotational constants.
The amplitude of the dipole oscillations can be con-
trolled by tuning the time delay τ between the excitation
pulses. Fig. 3.a shows the dipole intensity, obtained as a
Fourier transform of the calculated dipole time evolution,
plotted against the time delay for the narrow frequency
region around Ba + Bb. The intensity exhibits strong
maxima at the expected delay times τ = 5.8 ps ≈ 1/B,
10.9 ps ≈ 2/B, 16.1 ps ≈ 3/B, and 20.8 ps ≈ 4/B, etc.,
where B = Ba + Bb. The intensity pattern is not com-
pletely symmetric over the revival time, which is due to
the interference with other vibrational states included in
the simulation. This property of the dipole oscillations
FIG. 2. Calculated time evolution of the electric dipole ex-
pectation value (µZ) in the laboratory fixed frame, induced
by the double-pulse excitation of the enantiomeric states ψL
and ψR (blue and red colors) initially in the ground rotational
state. The time delay between two pulses is set to 6 ps and
the pulse mutual polarization angle γ is 45◦.
can also be exploited for selective chiral analysis of mix-
tures by tuning the delay time to match the rotational
constants of the molecule of interest.
In order to model a realistic chiral gas at thermal equi-
librium, we have simulated 1010 quantum dynamics tra-
jectories corresponding to all initial ro-vibrational states
with the Boltzmann thermal factor at T = 100 K greater
than 10−6. The results of these individual trajectories
were then averaged with the corresponding Boltzmann
thermal factor. Since our main interest is the tempera-
ture effect of the dipole amplitudes, we adopted a simpli-
fied model of HSOH as a truly chiral rigid molecule with
an impenetrable potential barrier between the two enan-
tiomeric wells. This approximation does not affect the
accuracy of the simulations for low-lying ro-vibrational
states, but simplifies the construction of the broken par-
ity enantiomeric states. Fig 3.b shows the amplitude of
the dipole oscillations for T = 100 K plotted for various
delay times and two selected frequency regions around
0.9 cm−1 and 2.6 cm−1. The amplitude shows the oscil-
latory change against the delay between two pulses, and
the peaks are located at different places and are about
four times lower compared to the T = 0 K case (see
Fig. 3.a). The larger number of peaks and their posi-
tions can be explained by the contributions from many
initially occupied states, each with different rotational
quanta (J ≤ 30) and thus different amplitude/delay re-
lations. The density of peaks should grow as the temper-
ature is increased.
A qualitative picture of the effect of the time delay
between the two pulses on the amplitude of the dipole
moment can be understood from the reduced angular
probability distribution P (θ, χ) =
∫
dV dφψ∗(t)ψ(t) sin θ.
4FIG. 3. Calculated amplitudes of the electric dipole oscilla-
tions (as Fourier transform of the dipole time evolution) of
the rotational wave packet created by a double-pulse excita-
tion of one of the enantiomers in the ground rotational state
(T = 0 K) and the T = 100 K thermal equilibrium distri-
bution of ro-vibrational states, plotted against delay time for
selected frequency regions.
Here, θ, χ, φ denote the Euler angles, dV is the volume
element associated with the vibrational coordinates, and
ψ(t) is the wavepacket. Fig. 4 depicts the rotational
angular distribution (averaged over the 0.99 cm−1 rota-
tional period) after the second pulse for two delay times
τ = 6 ps and 4 ps, which correspond to large and small
dipole amplitudes, respectively. At τ = 4 ps (Fig. 4.a),
two rotation axes, perpendicular and at about 6 49◦ to
the Z axis, are found to have maximal probabilities with
a broad azimuthal distribution. A rotation about one
of these axes causes minor variations of the dipole mo-
ment and thus leads to small intensity. In contrast, a
rotational distribution at τ = 6 ps (Fig. 4.b) is more lo-
calized: it has a distinct maximum at a small angle to the
Z axis of about 25◦ and a more narrow azimuthal distri-
bution. Hence, a rotation about this axis causes broader
oscillations of the dipole and as a consequence stronger
intensity.
To summarize, a new scheme for enantiomer differen-
tiation of chiral molecules has been described. The tech-
nique employs a pair of linearly polarized intense laser
pulses with tilted mutual polarizations and a phase sensi-
tive microwave detector. A quantum mechanical picture
explained the observed anti-phase evolution of the dipole
moment for two chiral enantiomers as a consequence of
the opposite signs of the off-diagonal anisotropic polar-
izabilities. The presented method should be applica-
ble to a wide range of chiral molecules in the ground
electronic state with anisotropic polarizability possessing
at least one non-zero projection of the dipole moment
FIG. 4. Probability density functions P (θ, χ), averaged over
the 0.99 cm−1 rotational period, for the delay times (a) τ =
4 ps and (b) τ = 6 ps. For a simpler visual representation, the
densities have been obtained in a simulation with polarization
vectors of two excitation pulses set in the XZ plane, which
induced an electric dipole polarized along the Y axis.
onto the rotational axes. Because non-resonant excita-
tion is used it is not necessary to tune the excitation
wavelength to the transition of the system, therefore re-
moving the need to cool the sample to temperatures of
a few Kelvin. By tuning the microwave detector to the
main radiation frequency of the molecule of interest, the
method is also suitable for simultaneous chiral analysis
of different molecular species and conformers in a mix-
ture. Moreover, adjusting the delay time between the
excitation pulses can selectively amplify the emitted ra-
diation from the molecule of interest. The ultrafast time
scale (several ps) of the presented technique is highly
favourable for studying molecules in short-lived chiral
states. This is particularly relevant to parity violation
experiments [17, 29].
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